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The unidirectional collisions of vertical Bloch lines are studied. It is shown that depending on 
the domain wall velocity and the size of topological charges, adhesion, break-off in the 
forward direction, reflection and stepwise generation of new pairs of 2~ vertical Bloch lines 
with topological charges of opposite sign are possible. All this was observed in iron 
garnet films with perpendicular anisotropy and found by numerical solution of the Slonczewski 
equations. 

INTRODUCTION 

Vertical Bloch Lines (VBL) are elements of the ferro- 
magnet domain wall (DW) structure. They are Ntel parts 
of Bloch domain walls and may have topological charges 
that are multiples of T. VBL provide an example of topo- 
logical magnetic solitons far more general than domain 
walls. 2 7 ~  VBL serve as bits of information in ultradense 
on-line storage systems.' Experimental studies of VBL dy- 
namic properties are based on the currently known detec- 
tion methods. The anisotropic dark-field diffraction 
technique2 makes it possible to detect static VBL in uniax- 
ial iron garnet films having a small quality factor Q. The 
technique is based on the variation of light reflection from 
DW microdeformations in a Bloch line. The high speed 
photography technique enables detection of dynamic VBL 
by solitary flexural DW waves accompanying the former 
and arising due to gyroscopic  force^.^ The double-and 
triple-exposure high-speed photography procedures allow 
one to investigate the velocities of VBL motion in real 
time,4 and to begin to study VBL collisions. In Refs. 5 and 
6, head-on collisions of VBL having topological charges 
equal in magnitude and opposite in sign were considered. It 
was found experimentally that depending on the DW ve- 
locity, four different results are possible: annihilation, par- 
tial restoration, complete restoration (soliton-like behav- 
ior), and an increase in VBL topological charges after 
collision. The first three effects were obtained by Zvezdin, 
Popkov and Yar from the Slonczewski equations by nu- 
merical simulation.' For the same DW velocity, the ampli- 
tudes and velocities of solitary waves depend on the VBL 
topological charge.4 Therefore it is possible to observe the 
collisions of solitary waves having different amplitudes and 
moving in the same direction. It was inferred that in uni- 
directional motion the VBL behave like  soliton^.^ Numer- 
ical calculations made by Kotova and chetverikov9 
showed that the collision of two VBL moving in the same 
direction results in one VBL with a total topological 
charge. In the present paper we give the results of experi- 
ments on and numerical calculations of collisions of Bloch 
lines with different (in absolute value) topological charges 
moving in the same direction. We have found that in this 
case, depending on the DW velocity as well as on the mag- 
nitude of topological charges of colliding VBL and system 

parameters, various effects can be observed, such as adhe- 
sion of two VBL, soliton-like behavior, reflection of the 
pursuing VBL from the other (moving with smaller veloc- 
ity), along with an increase in its topological charge, and 
generation of a sequence of new 2 7  VBL pairs with topo- 
logical charges opposite in sign. 

1. EXPERIMENTAL PROCEDURE 

To study VBL collisions in real time, i.e., during one 
passage of the DW through the sample, we used triple- 
exposure high-speed photography technique1' which is a 
refinement of the double-exposure high-speed photography 
method." During one pulse of the magnetic field moving 
the DW and VBL, the sample is illuminated by three light 
pulses 8 ns long from three rhodamine dye lasers separated 
by definite time intervals. The contrasts of the domain 
structures obtained from the first and the last light beams 
were opposite. The region traversed by the DW in the 
delay time between the first and the third light pulses was 
registered as a dark band, as in the double-exposure 
method. The first DW dynamic position is registered as a 
light-to-dark transition, and the last one as a dark-to light 
transition. During this time interval the DW containing 
the VBL was illuminated by another light pulse which gave 
a phase contrast image of the DW as a narrow dark line. 
The intensity of transmitted light in the phase contrast is 
lower than in the domain contrast. Therefore the dark 
band obtained with the help of the first and third light 
pulses remains distinct, though the contrast becomes worse 
in comparison with the second light beam, which was not 
additionally brightened. Nevertheless, the contrast is much 
better than in the case when all three DW positions are 
photographed at a phase contrast for which each DW im- 
age falls within the region illuminated by the two other 
beams. Thus, the photographs registered three positions of 
the dynamic DW and solitary flexural waves accompany- 
ing moving VBL at different instants of time: before the 
collision, at the moment close to the collision or immedi- 
ately after, and some time after the collision. The VBL 
velocities before the collision can be found from the dis- 
tance between the first and the second VBL positions, 
while their velocities after the collision are found from the 
distance between the second and third positions. 
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FIG. 1 .  Triple-exposure high-speed photograph of two-VBL adhesion FIG. 3. High-speed triple exposure of the reflection of a pursuing VBL 
after collision. The delay time between two light pulses is 0.3 ps. with lesser topological charge after collision with a VBL with greater 

topological charge. 

To create two VBL with different topological charges 
on the DW, two current pulses of different amplitudes were 
fed into the current loop at some interval. The studies were 
conducted in an epitaxial film of iron garnet 
(BiLaTm) (FeGa) with domains 40 pm wide, 
4aMs= 100 G, Q=45, and DW mobility p=280 cm/ 
s - Oe. 

2. EXPERIMENTAL RESULTS 

If the topological charges of Bloch lines are small and 
the DW velocity is far from the maximum and does not 
exceed 17 m/s, then the collision results in VBL "adhe- 
sion" (Fig. 1 ) . The delay time between two successive light 
pulses is 0.3 ps. In the first (upper) position on the DW 
there are two VBL accompanied by solitary waves of dif- 
ferent amplitudes. The asymmetry of the solitary wave 
form makes it possible to find the direction of VBL motion. 
Both VBL move in the same direction-from right to left. 
The VBL with the lesser charge, accompanied by the DW 
flexure solitary wave of lesser amplitude, is behind the 
other one. Bloch lines with a large topological charge move 
slower, so the VBL with the smaller topological charge 
catches up to the VBL with the larger topological charge. 
Upon collision, there remains only one VBL, which keeps 
moving in the same direction, more slowly than the VBL 
with the larger topological charge before the collision. Its 
topological charge equals the sum of the topological 
charges of the colliding Bloch lines. This result is consis- 
tent with the calculations in Ref. 9. 

If VBL with large topological charges collide and 
theDW velocity is sufficiently large (in our experiment, at 
least 17 m/s), then in the case of unidirectional motion, it 
is possible, as in the case of head-on collisions, to observe 
soliton-like behavior of the VBL. The solitary waves of 
different amplitudes switch places when they collide, their 
initial velocities remaining unchanged. The VBL with the 
smaller topological charge moves ahead of the the other 
one. The triple exposure of this case is displayed in Fig. 2. 

For DW velocities exceeding 25 m/s after the collision, 
reflection of the VBL with the lesser topological charge is 
possible (Fig. 3). Three positions of the DW and solitary 
waves on it separated by time intervals 0.3 ps long are seen 
there. Before the collision (the upper DW position in the 
figure), both VBL move in the same direction. The ampli- 
tude of the rear wave is smaller than that of the front wave, 
its velocity being accordingly larger. In the second posi- 
tion, the VBL with the lesser topological charge catches up 
with the VBL with the greater charge. After the collision 
(the lower DW position in the photograph), there are 
again two solitary flexural waves with different amplitudes 
accompanying two VBL. The larger one moves in the ini- 
tial direction with a smaller velocity than before the colli- 
sion. The VBL with the lesser topological charge moves in 
the opposite direction. 

Upon further increase in the DW velocity ( > 33 m/s), 
the collision may result in the generation of a sequence of 
new 2a  pairs of VBL with opposite signs of their topolog- 
ical charges (Fig. 4). The first light pulse has registered the 
DW with two solitary waves on it. As in the previous cases, 

FIG. 4. High-speed triple exposure of the generation of a sequence of new 
FIG. 2. High-speed triple exposure of collision of two VBL with topo- 27r VBL pairs after the collision of two VBL with topological charges 
logical charges of different size and the same sign. The VBL with the different in magnitude and the same in sign. The delay time between 
lesser topological charge breaks off and moves forward. successive light pulses is 0.3 ps. 
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the solitary wave of lesser amplitude having larger velocity 
is behind, and the waves move in the same direction. The 
second pulse illuminates the DW some time after the line 
collision. Two VBL can be seen on the DW. The first is 
accompanied by a solitary flexural DW wave of large am- 
plitude, its direction of motion remaining the same, its 
velocity becoming smaller and the topological charge 
larger. The second VBL accompanied by the solitary wave 
of small amplitude moves in the opposite direction. How- 
ever, in contrast to the reflection case, in the third position 
there are already two solitary waves of small amplitudes 
corresponding to the 277 Bloch lines which move in the 
opposite direction. Each new 277 VBL pair is generated in 
100 ns. Similar generation of 277 VBL pairs was observed in 
numerical simulations (Fig. 9). 

In all the processes shown in Figs. 1 4 ,  the sum of the 
VBL topological charges is conserved. 

3. NUMERICAL CALCULATIONS AND COMPARISON WITH 
THE EXPERIMENT 

We camed out numerical calculations of VBL colli- 
sions for unidirectional motion. As in Ref. 7, we used the 
Slonczewski equations: 

-qxx+; sin 2q,=q-a@-H, sin q+u, (1) 

where the functions q and q, correspond to the DW flexure 
normalized to the boundary thickness Ao= IA/K1 'I2 and 
azimuthal angle of the magnetic moment. Here u is the 
normalized DW velocity, H, is the field along the wall 
measured in the units of 8Ms, a is the damping factor, A 
is the exchange rigidity constant, K is the constant of 
uniaxial anisotropy, x is normalized to Ao= (~/277~:)  'I2, 
time is normalized to (4ryMs) -', b2 = A,-,H;/4.rrMs, H: is 
the magnetic field gradient stabilizing the DW, and Ms is 
the saturation magnetization. The calculations were car- 
ried out for a =0.4 and b2= which is fully consistent 
with the experimental values. In some of the calculations 
we put b2=5. which is close to the value usually 
used in numerical 

The initial conditions were chosen in the form 

q(x,O) =o, 
i = N I  

(3) 
x-xl-iS 

q,(x,O) = 2 arctan exp 
i= 1 AO 

i= N2 x-x2-iS + 2 arctan exp 
i= 1 AO ' 

where S -- A,. As is seen from Eq. (2), the formation time 
of the DW flexure "tail" is 7,=a/b2. The formation time 
of the profile q(x,t) is much shorter. The numerical cal- 
culations showed that for v=0.15, the profile of 477 VBL is 
formed in 100 units of (4rMsy)-', that of 877 VBL in 300, 
and that of 2077 VBL in 600 units. 

It turned out that in the absence of the longitudinal 
field H, over a wide velocity range (u> 0.15), the VBL 
with sufficiently large charges form a very unstable Bloch 

FIG. 5. Numerical solution of the Slonczewski equations at different 
times for two VBL with charges N,=2  and N2=4, for H,=O, b2= 
and v=0.4567. 

line with charge N1 + N2, if after the collision NI  + N2 > 14; 
it decays very quickly into two lines. Even a small field 
(Hx=0.03) stabilizes the VBL formed by pursuit, and if 
N1 + N2 < 30, the decay does not occur. However for a 
larger total charge of the colliding VBL, even in large fields 
H,, the leading part of the resulting VBL, breaks off at 
moderate DW velocities. 

If the topological charges of Bloch lines are not very 
large, the break-off occurs only for sufficiently large veloc- 
ities. For N1=2 and N2=4, 8, 12, and 20, we calculated 
the DW velocities for which VBL adhesion gives way to a 
77 VBL break-off . These velocities are equal to 0.451, 
0.397, 0.362, and 0.3 12, respectively. 

The solutions of the Slonczewski equations for N1 = 2, 
N2=4, v=0.4587, and H,=O are shown in Fig. 5. After 
the collision, the first 77 VBL runs on ahead. In Fig. 6, the 
VBL velocities in the process of unidirectional collision of 
277 and 477 lines are shown for q, (x,t) =7~/2, 3 ~ / 2 ,  ..., 1 1 ~ /  
2.. For t < 2500 (the first and second positions in Fig. 5), 
the VBL have velocities u=0.35 and u=0.26, respectively. 
For t > 3000, i.e., after the collision (the fourth and fifth 
positions in Fig. 5), we obtain a and 577 VBL moving with 
velocities u =0.44 and u =0.23, respectively. The interme- 
diate VBL (the third position in Fig. 5) looks like an or- 
dinary Bloch line with a charge 677 which moves in a sta- 
tionary regime, but with the help of Fig. 6 it is easy to see 
that different parts of the 677 VBL have different velocities, 
which leads to its decay. 

The solution of the Slonczewski equations at different 
times is shown in Fig. 7 for N1 =4, N2= 16, Hx=0.0314, 
and v=0.25. It qualitatively corresponds to the experimen- 
tal results displayed in Fig. 2. As a result of catching up, 
two VBL with charges 1877 and 277 are formed. 

For small charges N, and N2, the DW velocity close to 
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FIG. 6. Velocities (d~/dt),(~,,,,,, for qi=a/2, 3a/2 ,..., 1 in the 
collision of 2a and 4 a  VBL. 

critical, and relatively large stabilizing gradient FIG. 8. Numerical solution of the Slonczewski equations for two VBL 
(b2= 5 . 10-3) the numerical calculations illustrate the re- with charges N1=2 and N2=8, u=0.3683, Hx=0.157, and @=5.  lo-'. 

Upon collision, the 2a VBL coming up from behind is reflected. 
flection of the pursuing VBL, as shown in Fig. 8. The 
velocity interval in which this process takes place is very 
narrow (Av=O.Ol), and depends on N1 and N2. This re- 
sult qualitatively corresponds to the experimental result 
shown in Fig. 3. At higher velocities v, stepwise (in 2.7~) 
unbounded growth of the topological charges of the for- 
ward and reflected VBL occurs (Fig. 9). This result qual- 
itatively corresponds to the experimental results shown in 
Fig. 4. For a small gradient (b2= lop4) and large veloci- 
ties, the calculations yield only infinite stepwise VBL gen- 

FIG. 7. Numerical solution of the Slonczewski equations at different FIG. 9. Numerical solution of the Slonczewski equations for two VBL 
times for two VBL with the charges Nl =4 and N2= 16, for Hx=0.0314, with charges N1 =4 and N2= 16, for v=0.5972 and Hx=O. 157. Upon 
v=0.25, and d= lo-". collision, an infinite generation of 2a  VBL pairs sets in. 
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eration. If large VBL collide, the VBL which moves for- 
ward decays, and simultaneously the processes shown in 
Figs. 5 and 9 occur. 

CONCLUSION 

We have thus shown that in unidirectional VBL colli- 
sions, depending on the DW velocity and the size of topo- 
logical charges, adhesion, break-off, reflection and stepwise 
generation of new 25- VBL pairs with topological charges 
opposite in sign are possible. All of these results were ex- 
perimentally observed in iron garnet films with perpendic- 
ular anisotropy and found numerically from the Sloncze- 
wski equations. The processes considered may influence 
the function of memories which use VBL. The experimen- 
tal results relating to head-on VBL collisions6 are similar 
to those on fluxon collisions in distributed Josephson 
lines.I3 Experiments similar to those described above and 
involving the Josephson fluxons have not yet been carried 
out. 
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